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observation that has influenced our thinking about axo-
nal guidance and brought chemotropism to the fore as
an important component of axon guidance.
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United KingdomDrawing of a Mouse Embryo
The embryo is shown at the stage when axons are starting to grow
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to the prospective whisker sensory epithelium. The re- Getting the Membrane
sults also leave open the question of what guides trigem- into Shape for Endocytosisinal axons along their initial trajectory. Could there yet
be a specific target-derived chemoattractant in addition
to neurotrophins, which could contribute to the attrac-
tive effect of the target observed in vitro (Lumsden and Clathrin-mediated endocytosis serves to regulate mem-
brane composition and area in most cells. A specializedDavies, 1983)? Chemoattraction per se could not be
assayed in the absence of neurotrophins, which are re- cellular structure where this occurs with some speed,
and is of immediate interest to neuroscientists, is thequired for the axons to grow out. Thus, as pointed out
by the authors, the experiments do not exclude the exis- synapse. Neurotransmitter release occurs by exocytosis
of synaptic vesicles; subsequent endocytosis is essen-tence of a chemoattractant that lacks outgrowth activity.
A precedent for this possibility is actually provided by tial to clear out the excess membrane and recover the
vesicular components for reuse. Assuming an averagefloor plate chemoattraction, which is known to be medi-
ated by both netrin-1 and a second unidentified chemo- release rate of one vesicle per second, a rough calcula-
tion indicates that an area equivalent to the entire synap-attractant that lacks outgrowth-promoting activity (Ser-
afini et al., 1996). Whether such an attractant exists in tic bouton will turn over in just about 10 min at the small
synapses of hippocampal pyramidal neurons. Althoughthe trigeminal system remains to be determined. What-
ever the mechanisms guiding trigeminal axons, how- the exact proportion of turnover mediated by clathrin-
mediated endocytosis is unknown (other modes suchever, O'Connor and Tessier-Lavigne (1999) have pro-
vided a very plausible explanation for an in vitro as kiss-and-run are thought to exist), a large body of
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Progression of the Bilayer Membrane during
Endocytosis
Gray lines indicate the membrane, black tri-
angles indicate cone-shaped lipids, and white
triangles indicated inverted-cone-shaped lip-
ids in the cytoplasmic leaflet of the mem-
brane. The black dots demonstrate how some
membrane locations in the inner leaflet have
negative curvature in the early stages and
positive curvature in the later stages.
evidence points to a critical role for clathrin-dependent also demonstrate that the association of endophilin I
with dynamin is essential for the formation of SLMVs.mechanisms in synaptic vesicle recycling.
Detailed information about clathrin coat formation has Despite the great degree of similarity between secre-
tory and recycling pathways of different cells, there isbegun to accumulate as a result of many elegant studies
(reviewed recently by Marsh and McMahon, 1999). After always the worry that the highly specific and rapid recy-
cling at neuronal synapses is different in its details. Anfusion of synaptic vesicles with the plasma membrane,
adaptor proteins are thought to assist in recruiting independent study by Ringstad et al. (1999) in this issue
of Neuron dispels this worry. They use the lamprey retic-clathrin coat components to the vesicular membrane.
Through a series of protein±protein and protein±lipid ulospinal giant axon to show that microinjection of anti-
bodies to endophilin leads to accumulation of coatedinteractions, the coated bud emerges and is pinched
off to become a coated vesicle. Several proteins impor- pits at stimulated synapses. A previous collaborative
study by this group of authors had shown that disruptingtant for clathrin-mediated endocytosis have been identi-
fied, and their precise roles at different stages of vesicle the SH3 domain binding of amphiphysin leads to the
accumulation of coated pits at the synapseÐthese pitsformation are under intense experimental scrutiny.
What induces the requisite large changes in curvature were deeply invaginated and the defect was thought to
be in the final fission reaction. What is remarkable inof the coated bud as it grows from the plasma mem-
brane? To form small synaptic vesicles (diameter around the present study is that these coated pits are arrested
at a stage before deep invagination, as if they are unable35 nm), the relatively flat plasma membrane needs to
undergo a radical change in its curvature. As the vesicle to become more curved. Quantitative analysis sug-
gested that greater concentrations of antibody at theforms, different curvatures occur in the interior of the
bud and the edge (see figure). The negative curvature terminal lead to shallower coated pits with less negative
membrane curvature at the edge. Interestingly, Ringstadat the edge deepens as the bud progresses to become
a coated vesicle. It is conceivable that this alteration of et al. find that endophilin does not affect coat formation
in a cell-free membrane system. They suggest that thiscurvature is driven by the assembly of the clathrin coat.
Two recent papers, including one by Ringstad et al. might be because free membranes are floppy and per-
haps have a higher degree of flexibility. Immunogold(1999) in this issue of Neuron, make a case for a role
of lipid modification in the formation of clathrin-coated electron microscopy indicated that endophilin does not
directly associate with clathrin coatsÐthis argues againstvesicles.
A search for SH3 (Src homology 3) domain±containing a direct role for endophilin in altering the curvature of
the clathrin coat itself.proteins, as well as a search for interacting partners of
dynamin and synaptojanin (two proteins important for Ringstad et al. (1999) discuss two possible models of
endophilin function that are consistent with their results.synaptic vesicle endocytosis), led to the identification
of endophilins. Now, Schmidt et al. (1999) report that First, endophilin might alter the tension of the membrane
by acting on cytoskeletal elements such as actin andendophilin I is an enzyme that modifies phospholipids in
the bilayer membrane. Recall that phospholipids, which thereby promote invagination of vesicular membrane.
Second, endophilin might have a direct effect on mem-are important constituents of membranes, consist of
a polar head group and hydrophobic fatty acid tails. brane lipids. The results of Schmidt et al. (1999) support
the second model (without necessarily excluding theEndophilin I acts to transfer a fatty acyl group to lyso-
phosphatidic acid (a phospholipid with one fatty acid first). That is, the arrest of coated pits at a shallow stage
observed when endophilin is blocked by antibodies maytail missing) to convert it to phosphatidic acid (normal
ªtwo-tailedº phospholipid). Since lysophosphatidic acid be due to the absence of lipid modification that permits
sharp negative curving of the cytoplasmic side of theis thought to have an inverted-cone shape and phospha-
tidic acid is cone-shaped, endophilin I might serve to membrane. Another interesting issue raised by the two
studies is the precise role of dynamin. In recent discus-modify membrane curvature during coated-vesicle for-
mation. Using a perforated PC12 system that can gener- sions, dynamin has been assigned a role in the late
stages of clathrin-coated vesicle formationÐparticularlyate synaptic-like microvesicles (SLMVs), Schmidt et al.
also find that adding recombinant endophilin I to pro- in the fission of the budding vesicle. The two studies
discussed here, together with the observation that dy-tein-depleted cytosol increases formation of SLMVs;
this increase can be countered by presenting competing namin interacts with endophilin and colocalizes with it,
suggest that dynamin is also involved in early stages insubstrates. Other experiments with exogenous lipid
substrates for endophilin also suggested that it is the addition to its proposed role in fission.
Interesting papers tend to raise more questions thanacyl group±transferring activity of endophilin that is im-
portant for generation of SLMVs. Finally, the authors they answer. Is endophilin I restricted to the edge of
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the growing coat? If so, how and why? Some evidence the ratio of two different forms of FRQ, each of which
on its own has the ability to keep time over a differentpresented by Ringstad and colleagues supports this
peripheral localization of endophilin I in the clathrin- temperature range (Liu et al., 1997). In a second exam-
ple, Drosophila collected from the wild display a poly-coated bud. Perhaps steric hindrance prevents endo-
philin from being included inside the coat, and clathrin morphism in a threonine±glycine dipepetide repeat near
the middle of the PERIOD (PER) clock protein, and theseassembly occurs only after the enzyme is displaced. It
may also be efficient to have the reaction leading to subtly different PER forms are better suited to withstand
the ranges of temperature found in their environmentslipid shape alteration occur at the edge of the growing
bud, where the curvature needs to be changed the most. (Sawyer et al., 1997).
The latter study suggested a relationship betweenAs the bud grows, what was once the edge (with nega-
tive curvature) gradually becomes part of the interior PER protein and temperature regulation. Now, in this
issue of Neuron, Majercak et al. (1999) find a connectionmembrane (with positive curvature)Ðso having cone-
shaped lipids inside no longer makes sense. Do cone- between per RNA, temperature, and siesta-time. per
RNA cycles with a peak once every 24 hr. The authorsshaped lipids stay at the edge by continually moving
laterally toward the edge of the growing coat? Does show that per RNA accumulates to higher levels and at
an earlier time in each cycle at 188C compared to 298C.endophilin-mediated lipid modification actually provide
the driving force to form appropriately curved membrane Furthermore, they find that this correlates with increased
splicing of the intron closest to the 39 end of the per 39and clathrin coats? Since the lipid composition of the
vesicle membrane is modified during its formation, a UTR at 188C. This is a rapid response: a shift down in
temperature increases splicing of this intron, leading toreverse modification must occur elsewhere if equilibrium
is to be maintained. Does this reverse modification occur higher per RNA levels within an hour.
Majercak et al. (1999) then tested the simple ideaafter the vesicle fusion event? The pace of investigation
in this field guarantees speedy answers to these and that per RNA lacking this intron would mimic the 188C
increased amplitude per RNA cycles. They tested fliesother questions.
transformed with either per DNA already missing the 39
intron or with per DNA in which splicing is prevented.Venkatesh N. Murthy
Surprisingly, in both cases the flies failed to show theDepartment of Molecular and Cellular Biology
188C increase in per RNA. In contrast, a wild-type perHarvard University
transgene behaved like the endogenous gene. There-Cambridge, MA 02138
fore, they concluded that the act of splicing itself, rather
Selected Reading than the structure of the RNA, is the primary determinant
of different per RNA levels at different temperatures.
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thereby increasing the production of mature mRNA
Schmidt, A., Wolde, M., Thiele, C., Fest, W., Kratzin, H., Podtelejni- (Nesic et al., 1993). It will be interesting to find out
kov, A.V., Witke, W., Huttner, W.B., and Soling, H.-D. (1999). Nature
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in Drosophila, or whether this is specific to the per 39
intron.
The consequence of an earlier and higher per RNA
peak at 188C is earlier PER protein accumulation. Strik-
ingly, the early accumulation of PER at low temperaturesSiesta-Time Is in the Genes is correlated with changes in the timing of locomotor
activity. Unlike the bursts of activity observed at 258C
centered around dawn and dusk, flies at 188C have a
single broad daytime peak of activity, with no siesta.In hot climates, as Noel Coward remarked, only ªmad
There was previous evidence that the per gene candogs and Englishmen go out in the midday sun,º while
regulate the timing of fly activity from experiments com-the locals seem hardwired to take an afternoon siesta.
paring different fly species. The daily activity of D. mela-Temperature also affects activity elsewhere in the ani-
nogaster and D. pseudoobscura at 258C differs, with D.mal kingdom. One example is garter snakes, which are
pseudoobscura active primarily at dusk. Petersen et al.active at night in warm temperatures, by day at cold
(1988) showed that this was due to the different pertemperatures, and show activity around dawn and dusk
genes, since transforming the melanogaster fly with the(with a siesta in between) at intermediate temperatures.
pseudoobscura per gene resulted in pseudoobscura-How does temperature regulate these changes in be-
like dusk-active animals.havior?
Aside from temperature, the other major environmen-Daily changes in activity are controlled by the circa-
tal stimulus that alters the circadian behavior of flies isdian clock. In the best-studied cases, these clocks are
light. TIMELESS (TIM), the protein product of a secondbased on gene products that oscillate to produce a self-
clock gene, binds and stabilizes PER in the cytoplasm,sustaining negative feedback loop (reviewed by Dunlap,
and the PER±TIM complex then translocates to the nu-1999). There are instances of temperature affecting
cleus. It is well established that light degrades TIM (re-clock gene products themselves. One example is the
viewed by Young, 1998). PER±TIM complex formationNeurospora oscillating clock protein, FREQUENCY (FRQ).
Translation initiation is regulated by temperature to change is delayed if flies are exposed to light while the complex
